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The type II secretion system (T2SS) and the type IV pilus system (T4PS) are structurally related molecular
machines that reversibly assemble helical fibers in an ATP-dependent manner. In this issue of Structure,
Nivaskumar and colleagues provide support for a ‘‘spooling’’ model of T2SS pseudopilus assembly and
suggest that the T2S—and by extension, T4P—system motors may operate in a rotary manner to assemble
filaments.The evolutionarily related type II secre-
tion (T2S) and type IV pilus (T4P)
systems are found in a wide array of
eubacteria and archaea. These intricate
molecular machines are of significant in-
terest due to their roles in pathogenesis,
but their functional mechanisms remain
elusive. Current models, based on direct
observation of T4P extension and retrac-
tion (Skerker and Berg, 2001), invoke a
piston-like mode of action that underlies
twitching motility and DNA uptake (T4P)
or secretion of substrate proteins (T2S).
Common to both systems are pilin sub-
units with highly conserved hydrophobic
N-terminal a helices that act as trans-
membrane segments prior to assembly,
and as protein interaction domains
in assembled filaments (Craig and Li,
2008). Under physiological conditions,
the T2S is thought to form short pseudo-
pili of only a few subunits, sufficient to
span the periplasm of Gram-negative
bacteria. Because such filaments are
not amenable to structural studies,
much of our understanding is predicated
on analysis of their close relatives, the
T4P. However, when the T2S major
subunit is overexpressed, long surface-
exposed filaments form (Sauvonnet
et al., 2000); these are referred to as
hyper-pseudopili or T2SP.
To understand how the subunits
assemble, it is necessary to examine
how they’re packed into a polymerized
filament. The standard approach involves
fitting high-resolution X-ray crystal struc-
tures of subunits into lower resolution
electron microscopy (EM) models of fila-
ments (Craig et al., 2006). However, T4P
and T2SP are flexible and vary in widthalong their lengths, so earlier models
used averages of a number of straight
filament segments as a starting point.
This approach led to the proposal of a
number of possible configurations—both
left- and right-handed—and one- or
three-start mechanisms (Craig and Li,
2008). Craig et al. (2006) fit a 2.3 A˚ crystal
structure of the Neisseria gonorrhoeae
pilin into a 12.5 A˚ reconstruction of the
filament, deriving a model with 3.6
subunits per turn of a one-start 37 pitch
helix. A key feature of their model was
the docking of incoming subunits into
the growing filament via interaction
between an invariant Glu at position +5
and the N-terminal methylated Phe of
the preceding subunit. This interaction
was proposed to act as a mechanism of
subunit registration during assembly
(Figure 1).
To look at the assembly of T2SP fila-
ments from Klebsiella oxytoca, Nivasku-
mar et al. (2014 in this issue of Structure)
performed separate helical reconstruc-
tion on short filament segments. The
data set suggested that T2SP, composed
of slightly larger subunits than T4P,
had 4.3 subunits per turn of a 44 pitch
helix with an average rise of 10.4 A˚, but,
importantly, contained subpopulations
that differed with respect to twist. Thou-
sands of computationally derived T2SP
models, with twist angles ranging from
81–88, were then classified by their
conformational similarities. This approach
revealed a continuum of relaxed, moder-
ate and high twist conformations with
three major energy minima. Binning the
experimental EM data using arbitrarily
selected twist angles of 82.8, 84.3, andStructure 22, May 6, 201485.8 gave similar results. Themost stable
conformations were associated with high
twist angles, above 85. The data sug-
gested that assembly initiates at a lower
twist state and that a series of specific
stabilizing contacts between subunits
are formed as the filament becomes pro-
gressively more twisted.
Mutagenesis studies were used to
probe inter-subunit interactions along
the assembly pathway. Rather than in-
teractions between E5 of one subunit
and the N-terminal residue of another,
as proposed for T4P, inter-subunit salt
bridges between E44 and D48 of one
subunit and R88 and R87 of the next
initially stabilize dimers in the mem-
brane. The formation of inner membrane
homodimers by a major T4P subunit, as
well as heterodimers of T4P and T2S
major subunits, has been noted previ-
ously, although the functional sig-
nificance was unclear (Lu et al., 1997).
Interactions between E5 and Lys resi-
dues at positions 28 and 35 were pro-
posed to stabilize the moderate and
high twist conformations along the as-
sembly pathway along with other resi-
due pairs previously identified through
Cys crosslinking studies (Campos
et al., 2010). Interestingly, K28A/K35A
mutants were unable to assemble T2SP
but remained competent for secretion
when the mutant subunits were ex-
pressed at physiological levels, begging
the question of how secretion continues
when filament formation is compromised
(Nivaskumar et al., 2014).
Both the previous T4P assembly
model proposed by Craig et al. (2006)
and the new T2SP model proposed byª2014 Elsevier Ltd All rights reserved 659
Figure 1. Interactions of the Conserved E5 Residue of Type IV Pilin
Subunits
The invariant E5 residue (red) of T4P subunits interacts with F1 (yellow) at the N
terminus of the preceding subunit, while the E5 residue of T2S subunits
including PulG is proposed to interact with K28 or K35 (Nivaskumar et al.,
2014). The N-terminal helices (residues 1–45) of four T4P subunits (P1–P4)
are shown from the N-termini (A) and tilted (B) to show the F1-E5 interactions
along the hydrophobic core of the assembled filament. The figure was
prepared in MacPymol (Delano Scientific) using the Neisseria gonorrhoeae
filament model (Protein Data Bank 2HIL; Craig et al., 2006).
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suggest that subunits are
inserted sequentially into a
one-start helix at the base
of the assembly system.
Craig and coworkers specu-
lated that a three-start
mechanism might also be
possible. The mechanical
energy for subunit insertion
is provided by orthologs
of the hexameric AAA+
ATPase GspE, a homolog of
the F1/F0 ATPase. The pre-
vailing piston model sug-
gested that forces generated
by GspE on its partners, the
membrane platform protein
GspF and/or the inner mem-
brane protein GspL—which,
in turn, interact with mem-
brane-bound subunits (Gray
et al., 2011)—would push
subunits out of the mem-
brane and into a growing
filament in 1 nm vertical in-
crements. In the spooling
model proposed by Nivasku-
mar et al. (2014), the filament
itself may rotate and becomeprogressively more twisted as subunits
are added at the base and stabilizing in-
teractions form. A rotary mechanism for
T4P assembly was suggested by Mattick
(2002) but discarded, because (unlike
those tethered by flagella) bacteria teth-
ered by their T4P did not rotate. Nivas-
kumar et al. (2014) support the idea of
filament rotation, but it’s hard to recon-
cile with T4P function, where cells on a
surface bound via multiple adhesins are
physically unable to revolve. Another
possibility is that the assembly system
acts as a bushing for the filament
while the GspE ATPase rotates around
the base to insert subunits in a helical
manner. Rotation of the motor, coupled
with transient interactions of the assem-
bly system with the filament in the
periplasm, may provide the twisting
force—akin to wringing a wet towel—
needed to move subunits along the
proposed assembly pathway from one
free energy minimum to the next.
This hypothesis is also consistent with
a piston-like motion, because the fila-
ment would rise and fall as subunits are
added or removed, without having to
revolve.660 Structure 22, May 6, 2014 ª2014 ElsevieThe concept that components of the
assembly system could contribute to the
production of torque on the filament is
supported by recent evidence from Lalle-
mand et al. (2013). They showed that the
periplasmic and transmembrane portions
of the T2SS inner membrane assembly
components GspL and GspM rotate
during secretion, switching between
homo- and heterodimeric configurations.
The ATPase GspE interacts with the cyto-
plasmic domain of GspL, while its peri-
plasmic domain interacts with GspM and
the major subunit GspG (Abendroth
et al., 2009; Abendroth et al., 2004).
ATP hydrolysis-driven conformational
changes in GspE could thus be trans-
mitted via interactions with GspL to drive
ratchet-like motions of the periplasmic
domains that contact the subunits, intro-
ducing twist into the filament.
Finally, extrapolation between variants
of the T2SS and T4PS can often provide
mechanistic insight. Alignment of the
major subunits of the Xcp and Hxc T2SS
systems in P. aeruginosa with PulG and
others suggests that the K28 and K35 res-
idues proposed by Nivaskumar et al.
(2014) to form stabilizing interactions inr Ltd All rights reservedthe moderate and high twist
PulG conformations are not
conserved (Durand et al.,
2011). Similarly, the major
T4P subunits from the model
organisms Pseudomonas,
Neisseria, and Geobacter
lack equivalents of K28 and
K35, leaving F1 as the best
candidate for E5 neutraliza-
tion in those cases (Figure 1).
Craig et al. (2006) showed for
the N. gonorrhoeae model
that other charged residues
in the pilin subunit (D26, E35,
E41, D49, R30, and K44) are
neutralized by intra- or inter-
molecular salt bridges, sug-
gesting alternative stabilizing
interactions. The differences
between T2S and T4P sub-
units might reflect the fact
that the latter are actively dis-
assembled by the action of a
second AAA+ ATPase, PilT,
during retraction instead of
being degraded. Formation
of highly stable filaments
might actually be a liability in
cases where function relieson rapid disassembly. Thus, while both
systems may use a spooling assembly
mechanism, the ways in which the
resulting filaments are stabilized is likely
to differ.
ACKNOWLEDGMENTS
Work in the L.L.B. laboratory on type IV pili is
funded by operating grants from the Canadian
Institutes of Health Research.
REFERENCES
Abendroth, J., Rice, A.E., McLuskey, K., Bagda-
sarian, M., and Hol, W.G. (2004). J. Mol. Biol.
338, 585–596.
Abendroth, J., Kreger, A.C., and Hol, W.G. (2009).
J. Struct. Biol. 168, 313–322.
Campos, M., Nilges, M., Cisneros, D.A., and Fran-
cetic, O. (2010). Proc. Natl. Acad. Sci. USA 107,
13081–13086.
Craig, L., and Li, J. (2008). Curr. Opin. Struct. Biol.
18, 267–277.
Craig, L., Volkmann, N., Arvai, A.S., Pique, M.E.,
Yeager, M., Egelman, E.H., and Tainer, J.A.
(2006). Mol. Cell 23, 651–662.
Durand, E., Alphonse, S., Brochier-Armanet, C.,
Ball, G., Douzi, B., Filloux, A., Bernard, C., and
Voulhoux, R. (2011). J. Biol. Chem. 286, 24407–
24416.
Structure
PreviewsGray, M.D., Bagdasarian, M., Hol, W.G., and
Sandkvist, M. (2011). Mol. Microbiol. 79,
786–798.
Lallemand, M., Login, F.H., Guschinskaya, N.,
Pineau, C., Effantin, G., Robert, X., and Shevchik,
V.E. (2013). PLoS ONE 8, e79562.Lu, H.M., Motley, S.T., and Lory, S. (1997). Mol. Mi-
crobiol. 25, 247–259.
Mattick, J.S. (2002). Annu. Rev. Microbiol. 56,
289–314.
Nivaskumar, M., Bouvier, G., Campos, M.,
Nadeau, N., Yu, X., Egelman, E.H., Nilges, M.,Structure 22, May 6, 2014and Francetic, O. (2014). Structure 22, this issue,
685–696.
Sauvonnet, N., Vignon, G., Pugsley, A.P., and
Gounon, P. (2000). EMBO J. 19, 2221–2228.
Skerker, J.M., and Berg, H.C. (2001). Proc. Natl.
Acad. Sci. USA 98, 6901–6904.Bacterial Warfare again Targets the RibosomeMarc A. Schureck1 and Christine M. Dunham1,*
1Department of Biochemistry, Emory University School of Medicine, 1510 Clifton Road NE, Suite G223, Atlanta, GA 30322, USA
*Correspondence: christine.m.dunham@emory.edu
http://dx.doi.org/10.1016/j.str.2014.04.007
In this issue of Structure, Beck and colleagues describe the structure of the Enterobacter cloacae contact-
dependent growth inhibition (CDI) toxin in complexwith its immunity protein. Further functional studies reveal
that CDI targets translation by cleaving 16S ribosomal RNA.The dynamic life of a bacterium requires
rapid adaptation for survival and strate-
gies to compete within a mixed bacterial
population. To gain a competitive advan-
tage, bacteria have developed multiple
mechanisms for survival and eradication
of their rivals. For example, bacteriocins,
such as Escherichia coli colicins, are
secreted proteins that target and kill
closely related bacterial strains (Cascales
et al., 2007). Much like antibiotic resis-
tance mechanisms, where the producer
cell is protected from the toxic effects of
the secreted antibiotic by modification of
either the antibiotic itself or its binding
site (Cundliffe and Demain, 2010), bacte-
riocin-producing cells also have mecha-
nisms of self protection. Most commonly,
resistance is facilitated by expression of a
cognate immunity protein that directly
interacts with its toxic protein partner,
thereby neutralizing its activity while
residing in the host.
The recent discovery of a Gram-nega-
tive competition system, the contact-
dependent growth inhibition (CDI) family,
revealed striking similarities, but also dif-
ferences with the well-studied bacterio-
cins (Aoki et al., 2005). CD toxin proteins
A (called CdiA) and bacteriocins are both
neutralized by direct contact with their
cognate immunity proteins to maintain
protection while within the producer cell
(Cascales et al., 2007; Morse et al.,2012) (Figure 1A). Likewise, the overall
modular structure of CdiA is similar to
colicins; both contain N-terminal domains
responsible for interaction with, and
transportation into, the target cell and a
toxic C-terminal enzymatic domain, which
affects essential target cell functions. One
of the most striking differences between
these enzyme families is that CdiA toxins
are not secreted into the environment
like bacteriocins. Instead, CdiA toxins
are delivered via direct cell-to-cell contact
mediated by the CdiA C-terminal toxin
domain (CdiA-CT) and a target cell mem-
brane receptor. The CdiA-CT is then
cleaved to release the toxin into the target
cell, where it limits growth (Ruhe et al.,
2013).
The findings by Beck et al. (2014) pre-
sented in this issue of Structure offer
new insights into the mechanisms of
target cell growth arrest by Enterobacter
cloacae CdiA-CTs. First, the authors
describe the X-ray crystal structure of a
CdiA-CTECL of unknown function in com-
plex with its cognate immunity protein
CdiIECL (ECL denotes Enterobacter
cloacae) (Figure 1A). CdiA-CTECL has no
sequence homology with other character-
ized CdiA toxin proteins (Figure 1B), but
its structure resembles that of the bacte-
riocin colicin E3, an RNase that cleaves
16S rRNA in the decoding center of the
ribosome (Cascales et al., 2007). Theauthors further demonstrate that CdiA-
CTECL also targets the ribosome. Through
mutational analysis, CdiA-CTECL residues
important for activity are identified; these
are distinct from colicin E3, even though
their target is identical. Superpositioning
of CdiA-CTECL on the ribosome using
colicin E3 as a guide (Ng et al., 2010)
reveals that CdiA-CTECL proposed cata-
lytic residues are proximal to target 16S
rRNA residues.
This study raises interesting questions
concerning the evolutionary origins of
toxin/immunity protein pairs. Though the
CdiAECL toxin is structurally similar to
colicin E3, the immunity proteins share
extremely low sequence identity, have
different tertiary folds, and interact with
their cognate toxin in distinct ways. These
differences lead the authors to suggest
that CdiAECL/CdilECL and colicin E3/
immunity protein systems arose from in-
dependent origins through convergent
evolution. The evolutionary origin of the
various CDI genes is an interesting ques-
tion, and understanding the functional
roles of additional CDI pairs will shed light
not only on how bacterial cells gain
advantage during competition, but also
their possible evolutionary trajectory.
The targeting of the ribosome by CDI
toxins opens up the possibility that un-
characterized CDI proteins (60 in total)
may also halt protein synthesis to killª2014 Elsevier Ltd All rights reserved 661
